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The biochemical investigation of visual systems has as yet scarcely touched 
upon the reptiles. Bliss (1945-46) reported fruitless attempts to extract photo- 
sensitive pigments from the lizards, Sceloporus and Xantusia. This has also been 
our experience, using much larger quantities of retinal tissue from fresh water 
turtles  (Wald,  Brown,  and  Smith,  1953;  unpublished  observations).  In  the 
retinas of Pseudemys  we did find vitamin A2. From retinene~ and cone opsin we 
also synthesized the photosensitive pigment, cyanopsin. The agreement between 
its absorption spectrum and the  spectral sensitivity of cone vision in the tor- 
toise, Testudo graeca, measured electrophysiologicaUy  by Granit (1941), implies 
that cyanopsin is the pigment of cone vision in this animal (Wald, Brown, and 
Smith, 1953). 
In the present paper we report experiments with Alligator mississippiensis. 
The eye tissues and liver of this  animal contain vitamin A1 alone.  From the 
retina  we  have  extracted  rhodopsin,  typical  in  absorption  spectrum,  but 
synthesized in  dtro  very much  more  rapidly  than  the  mammalian  or  frog 
rhodopsins so far encountered. Electrophysiological measurements of the dark 
adaptation of the alligator show that this also is very rapid, comparable with 
the rate of regeneration of rhodopsin in solution, 
Vitamin A 
The animals  were young specimens of Alligator mississippie~is,  about 20 inches 
long, obtained from a dealer in Miami, Florida, in August,  1954, and experimented 
on at once. 
Two animals  were dark-adapted overnight, decapitated, and the retinas and pig- 
ment layers (pigment epithelia and  choroid layers) removed under red light.  The 
tissues were ground with anhydrous sodium sulfate until powdery, and extracted twice 
by stirring with chloroform. Each extract (about 25 ml.) was evaporated to dryness 
under reduced pressure, and taken up in 1.5 mL of fresh chloroform. For the antimony 
chloride test, 1.3 ml. of each of these solutions was mixed with 2.2 ml. of saturated 
antimony chloride in chloroform, and the absorption spectrum recorded at once in the 
Cary recording spectrophotometer. The results are shown in Fig.  I. 
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The retinal extract displays two peaks, at about 620 and 660 m/~, due respectively 
to vitamin A  and retinene.  (The retinene  hand, when alone, has Xmax 666 rag; but 
here  is puUed  toward  shorter wave lengths  by its  association  with  the vitamin  A 
band.)  This is the result expected if the dark-adapted  retinas  contained some free 
FIG.  1.  Absorption spectra  of antimony chloride  tests  with  extracts  of alligator 
eye tissues and liver. The retinas and pigment layers (pigment epithelia and choroids) 
of four eyes were extracted with chloroform, and the whole extracts used in a  single 
test.  The retinal  extract  displays absorption  bands at  about 620 and 660 n~t,  due 
respectively to vitamin A and to retinene liberated in the destruction of rhodopsin by 
chloroform. The pigment layer and liver extracts show only the absorption band at 
620 mg due  to vitamin A. These spectra were drawn by a  recording photoelectric 
spectrophotometer. 
vitamin A in addition to rhodopsin, for chloroform destroys the latter, liberating and 
extracting retinene. 
The extinctions due to vitamin A and retinene in this test can be computed from 
the extinctions  at 618 and 666 mtt,  using simultaneous equations.  In this way the 
alligator retina is found to contain 0.171 #g. vitamin A per eye, and 0.525 gg. retinene 
bound in rhodopsin. 
The pigmented layers display the antimony chloride band at 318 m# due to vitamin 
A  alone. No trace of vitamin A2 is present.  In each eye the pigment layers contain 
about 1.9/~g.  vitamin A. 
One liver, of wet weight 4.5 gin., was-ground with anhydrous sodium sulfate and GEORGE  WALD~ PAUL  K.  BROWN,  AND  DONALD KEN~TEDY  705 
extracted  with 60 mL petroleum  ether.  An aliquot of this,  brought into chloroform 
for the  antimony chloride  test,  yielded  the  result  shown  in  Fig.  1.  Only vitamin 
A is present, about 44 ttg. per gm. fresh tissue, or about 220 ttg. per gin. dry weight. 
Rhodopsin 
Three animals were dark-adapted overnight and the retinas dissected out in dim 
red light.  They were dropped into 4  per cent alum solution and let harden for 30 
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FZG. 2.  Absorption  spectrum  of a  solution  of alligator  rhodopsin in  2  per  cent 
aqueous  digitonin,  and  of the product of its  bleaching in orange  (non-isomerizing) 
light (25  ° C.). The rhodopsin spectrum displays the a-band at 500 nag, and theB-band 
at 350 nag. The product of bleaching is a mixture of all-tram retinene and opsin, with 
k=a= 381 m.u. 
minutes. They were then washed twice with distilled water and extracted with 2 per 
cent digitonin in water. The extract was at pH 3.7; it was brought to pH 6.4 with 
x~/15 phosphate buffer, and  the absorption  spectrum measured.  Then  this  solution 
was  bleached  by exposure  to  deep  orange light  (the  focussed light  of a  160  watt 
microscope lamp passing through a Jena 0G2 filter, which transmits only wave lengths 
longer than about 540 rag). The point of using orange light was that this is not ab- 
sorbed by the retinene which is formed, and hence does not isomerize it. The result 
of this experiment is shown in Fig. 2. 
The  alligator  retina  yielded  typical  rhodopsin,  displaying  an  a-band  with  ),r~= 
500 mtt, and a B-band at about 350 m#. On bleaching, ),max moved to about 381 mtt, 
and  fell  somewhat  in  extinction,  results  typical of the production of a  mixture  of 
all-tram retinenez and opsin at pH 6.4. 706  VISUAL  SYSTEM  0]~  ALLIGATOR 
Careful  tests  failed  to  show  the  presence  of any other  photosensitive  pigment. 
One portion of the dark extract was exposed for 20 minutes  to the deep red light 
of the microscope lamp passing  through a  Wratten  89 filter.  An exceedingly slow 
bleaching occurred, maximal at about 500 nag, and typical of the bleaching of rhodop- 
sin. This extract therefore contained no appreciable amount of iodopsin or other such 
red-sensitive  pigments  as  have  been  found  previously  associated  with  cones  (cf. 
Wald, Brown, and Smith, 1954; 1954--55). 
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FIG. 3. Synthesis of alligator rhodopsin in solution. To the bleached product shown 
in Fig. 2, neo-b retinene was added, and the mixture incubated in darkness. The ex- 
tinction at 500 nag, the Xm,~ of rhodopsin, rose rapidly, reaching close to its maximum 
value in about 6 minutes. 
Synthesis of Rhodopsin 
Rhodopsin bleaches irreversibly in orange light to a mixture of opsin and  all-trans 
retinene;  but  is  regenerated  on  adding  the  hindered  c/s  isomer  of  retinene,  neo-b 
(ll-c/s)  (Hubbard and Wald,  1952-53; Wald and Brown, 1956).  After the bleaching 
shown in Fig. 2, 0.5 ml. of a  solution of neo-b  retinene was added to 0.4 ml of this 
extract,  and  it was incubated  in the  dark at about 25°C. for 30 minutes.  The ex- 
tinction at 500 m# rose very rapidly, as shown in Fig. 3, reaching close to the maxi- 
mum value in about 6 minutes. 
At this  point 0.1  ml.  of a  molar solution of hydroxylamine was added,  and  the 
absorption  spectrum  measured  in  the  dark,  then  after  bleaching  in  orange light. 
The  difference  in  absorption  before  and  after  bleaching  (i.e.,  the  difference  spec- 
trum)  is shown in Fig. 4. It is typical of rhodopsin, with Xma~ in the visible region 
at 500 m/~; while in the ultraviolet the extinction rises  on bleaching, with Xma= 365 GEORGE  WALD,  PAUL  K.  BROWN,  AND  DONALD  KENi'q-EDY  707 
m~,  typical of the retinene oxime formed in the presence of hydroxylamine. In two 
experiments 44.7  and  50.4  per  cent of the  original  rhodopsin regenerated in this 
way. 
Kinetics of Synthesis 
The high rate at  which alligator rhodopsin is synthesized in  solution is  a 
significant datum. The rate of this process far exceeds that of the synthesis of 
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FzG. 4.  Difference  spectrum  of the rhodopsin  regenerated in  Fig.  3;  difference 
in absorption spectrum before and after bleaching  the regenerated rhodopsin  in the 
presence  of hydmxylamine, which condenses with the retinene formed by bleaching 
to yield retinene oxime. The band at the right represents the fall of extinction due to 
the bleaching of rhodopsin (),=~x 500 m#). That at the left represents the rise of extinc- 
tion due to the formation of all-lrans retinene oxime Ch=~ 365 m~). 25  ° C., pH 6.4. 
frog, cattle, or chicken rhodopsin. It is indeed too rapid at 25  ° to permit accu- 
rate measurement by the methods we employed; at this temperature the speed 
of mixing the reagents was an important factor in the first stages of the reaction. 
For this reason the synthesis was reexamined at 4°C.,  at which it is greatly 
retarded (Fig. 5). 
It is known that the syntheses of rbodopsin and iodopsin are second-order 
processes,  provided  that  neither  reagent  is  present  initially  in  great  excess 
(cattle  rhodopsin,  Hubbard  and  Wald,  1952-53;  Wald  and  Brown,  1956; 
chicken rhodopsin and iodopsin, Wald, Brown, and Smith,  1954-55). 708  VISUAL  SYSTEM  O;F  ALLIGATOR 
The equation of a second-order reaction can be written: 
2303  b  2.303  a -- z 
t  =  k(a  --  b) logt°  +~  l°glob -- x 
in which k is the rate constant, t the time, a and b the initial concentrations of 
reagents, and x the concentration of product. When log (a  --  x/b  --  x) is plotted 
against time, this is the equation of a straight line, in which the first term on the 
right is the intercept constant, and the slope is 2.303/k(a  --  b). 
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FIG. 5. Synthesis of alligator rhodopsin at 4°C. 1.72 X  10  ~  mole opsin and 14.6 X 
10  "~ mole neo-b retinene were mixed in 0.5 ml. of buffered digitonin solution at pH 6.48, 
and this mlxtUre was incubated in the dark. The open circles show the rise in rhodopsin 
concentration. The solid circles show values of log (a -  x)/(b  -  x); that these fall on 
a straight line is evidence that the synthesis  of rhodopsin is a second-order  reaction. 
In the present experiment, a, the initial opsin concentration, equivalent to the 
total rhodopsin synthesized, was 3.44 #M/liter; b, the initial concentration of 
neo-b  retinene,  was  29.2  #M/liter;  and  x,  the  concentration  of  rhodopsin, 
increased from 0 to 3.44 #M/liter. As shown in Fig. S, the plot of log (a -- x/b  -- x) 
against time (solid circles) is a straight line, from the slope of which k was found 
to have the value of 0.00159 liters/#M/minute (26.5 liters/mole/second). 
The reaction shown in Fig. 5, though bimolecular, has such a large excess of 
neo-b retinene as  to proceed almost according to first-order kinetics,  its rate 
depending primarily on the concentration of opsin alone. For this reason the 
half-time  for  completion  of  the  reaction  may  be  taken  as  a  rough  inverse 
measure of the rate. The half-time at 4°C. is about 18 minutes, compared with 
10  to  20 seconds at  25°C.  (Figs.  3  and 6).  The unusually high temperature GEORGE  WALD~ PAUL  X.  BROW!~,  AND  DONALD  KENNEDY  709 
coefficient implied  by  this  comparison  should  not  be  taken  seriously until 
better measurements in the early stages of the reaction can be made at  the 
higher temperature. Such measurements are in progress in our laboratory. 
Dark Adaptation 
It is often assumed that light and dark adaptation reflect physiologically the 
bleaching and resynthesis of visual pigments in the rods and cones. Since the 
synthesis of alligator rhodopsin in vitro is very much more rapid than that of 
the frog, it is of interest to inquire whether the rates of dark adaptation in these 
animals are similarly related. 
The  dark  adaptations of frogs  and alligators  were  measured  under  com- 
parable conditions by D. K. The apparatus and details of the  procedure  are 
described elsewhere (Kennedy, 1957). The animals were first dark-adapted, and 
the  electroretinogram was measured at  a  number of intensities of stimulus, 
using test flashes of  1/50  second, from which  curves relating  the height of 
b-wave to intensity could be drawn. The form of this function is similar in both 
animals. From these curves an intensity of test flash was selected which yielded 
a large response in the dark-adapted animal, yet in the range in which the re- 
sponse still changed rapidly with increase in intensity. The test flash intensities 
were selected so as to be in about the same position on the intensity-response 
curves for both animals. 
The  animals  were  light-adapted by  exposing  the  experimental  eyes to  a 
luminance of 2000 millilamberts for 15 or 30 seconds. Then in darkness they 
were exposed repeatedly to the selected intensity of test flash, and the ERG 
was recorded until it became constant. The measurements are shown in Fig. 6, 
plotted as percentage of the original response of the dark-adapted eye, before 
it had been light-adapted. In this way the data show the degree of return to the 
original state, and hence check the condition of the preparation. 
It is preferable to make such measurements in terms of the intensity of test 
flash needed to produce a constant response, rather than following as here the 
change of response to a constant intensity of stimulus. The latter method had 
to be used because of shortage of time, and the perishability of the animals 
during the hot summer weather in which these measurements were made. 
Whatever their discrepancies in this regard, these measurements demonstrate 
clearly that rod vision in the alligator recovers very much more rapidly than 
in  the  frog.  In  the  three  experiments  shown,  involving  two  animals,  dark 
adaptation in the alligator was complete within 5 to 7 minutes, whereas that 
in the frog took 30 minutes or longer. 
The frog dark adaptation is characteristically  duplex in form. Apparently the 
first  portion  is  associated  primarily with  cone  adaptation,  the  second  with 
rods (cf. Riggs, 1937).  Two of the three dark adaptation curves measured in 
the alligator, however, were simple in form, and appear to have been due wholly All/ga~Jr  o---  --  10  ~_ 
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FIG.  6.  Synthesis  of alligator  and  frog rhodopsins  in solution,  compared  with  electrophysiologieal 
measurements of dark adaptation in the living animals at the same temperature  (25°C.).  The synthesis 
of frog rhodopsin is from Wald and Brown (1950); that of alligator rhodopsin from Fig. 3 above. For 
the dark  adaptation  measurements,  the height of b-wave in the ERG was measured for a  standard 
test flash in the dark-adapted eye. Then the eye was exposed to 2000 millilamberts for 15 seconds (a) 
or 30 seconds (b). Next the eye was stimulated periodically in the dark with the constant test flash, and 
the height of the b-wave recorded as it returned  to the dark-adapted condition. This is  plotted  in the 
lower part of the figure.  Data are shown from one frog, and from two alligators (subscripts  1 and 2). 
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to rods. The third of the alligator curves displayed an inflection, owing prob- 
ably as in the frog, to the participation of cones. Rods and cones have a peculiar 
distribution in the alligator retina: the entire dorsal portion of the retina, which 
has a  tapetum,  is overwhelmingly rod;  but ventrad the proportion of cones 
increases, and at the ventral border cones predominate (Laurens and Detwiler, 
1921). The retina as a whole is characteristically rod.  x 
Fig. 6 shows how effectively the cones buffer light adaptation. When cones 
take little part, as in two of the three alligator curves, light adaptation brings 
the retinal response to very low values. When cones intervene, as in the third 
alligator curve and  those of the frog,  the  retina as  a  whole remains highly 
responsive to the test flash. 
DISCUSSION 
As already noted, alligator rhodopsin is synthesized in solution much more 
rapidly than the rhodopsins of frogs, cattle, or chickens investigated earlier. 
The latter pigments half-complete their syntheses at 25°C.  in 4 to 6 minutes, 
alligator rhodopsin  in  10  to  20  seconds.  In  this  regard  alligator rhodopsin 
resembles  the  rod  pigments--both  rhodopsins  and  porphyropsins---of  all 
the fishes we have so far examined (unpublished observations of P. K. and 
P. S. Brown). At 4°C., scup rhodopsin is synthesized in solution at about the 
same speed as the alligator pigment (half-time 5.5  to 6 minutes); and that of 
the butterfish still more rapidly, with a half-time of only 1.1 minute. Indeed, 
when brought to the same temperature, butterfish rhodopsin forms in solution 
with about the same velocity as the cone pigment, iodopsin, from the chicken 
(of. Wald, Brown, and Smith, 1954-55). 
These relationships have an interesting bearing upon the mechanism of dark 
adaptation. There is good reason to believe that dark adaptation reflects in 
large part the synthesis of visual pigments in the rods  and cones. Indeed the 
recent extraordinary measurements of Rushton e/a/. have revealed a remark- 
ably close correspondence between the course of bleaching and resynthesis of 
rhodopsin in the living human eye and the course of human light and dark 
adaptation (Rushton eta/., 1955; Campbell and Rushton, 1955).  One has less 
reason to expect a close correlation between the rate of dark adaptation and the 
synthesis of rhodopsin in solution from neo-b retinene and opsin; for the latter 
is only the last step in a complex sequence of reactions. Yet this last step may 
in some cases limit the rate of the entire sequence; and it is of interest to inquire 
how it compares with the dark adaptation process as a whole. 
The present  experiments offer a  particularly clear opportunity for such a 
I Walls (1942, pp. 615-616) remarks that in this retina the rods are "rich in rhodopsin and 
greatly outnumber the cones;" and goes on to say that in the tapetal region the outer segments 
of the "cones" are  "as rod-like as possible (i.e.,  heavy and cylindrical). Within this  single 
retina we may thus observe a local, partial transmutation of cones into rods." 712  VISUAL  SYSTEM  OF  ALLIGATOR 
comparison, for in the frog and alligator a  relatively slow and a  very rapid 
synthesis of rhodopsin in solution can be  compared with  the rates  of dark 
adaptation in the living animals at the same temperature. This comparison is 
shown in Fig. 6. It reveals an extraordinarily close correspondence between the 
rates of synthesis of frog and alligator rhodopsln in solution, and the rates of 
rod dark adaptation in these animals. 
In  all  animals yet observed  that possess  both  rods and cones,  the cones 
dark-adapt much more rapidly than the rods; and in the one case investigated-- 
the chicken--the cone pigment iodopsin is synthesized in solution much more 
rapidly than rhodopsin  (Wald,  Brown,  and Smith,  1954-55).  It would be a 
mistake, however,  to  conclude that all cone pigments are  synthesized more 
rapidly than rod pigments, or that all cones dark-adapt more rapidly than rods. 
Both  rod  and  cone  pigments  are  synthesized  in  different animals  at  very 
different speeds, a property that goes with the fact that they possess  different 
opsins. It is now clear that the rod pigments of some animals (e.g., alligator, 
fishes)  form as rapidly in solution as the cone pigments of others. It appears 
also to be true that the rods of some animals dark-adapt as rapidly as the cones 
of others.  In  any case alligator rods dark-adapt,  and alligator rhodopsin is 
synthesized in solution, at rates comparable with cone dark adaptation and 
the synthesis of cone pigments in mammals and birds. 
SDMMARY 
The eye tissues and liver of the alligator contain vitamin A1 alone. The retina 
contains rhodopsin,  typical in absorption spectrum  (km~ 500  m~); but syn- 
thesized in solution from neo-b retinene and opsin much more rapidly than are 
the  frog,  mammalian,  or  chicken  rhodopsins  previously  examined.  In  this 
regard  alligator  rhodopsin  resembles  the  rhodopsins  and  porphyropsins  of 
fishes,  all  of  which  so  far  investigated are  synthesized rapidly  in  solution. 
The rates of synthesis in vitro of frog and alligator rhodopsins are matched 
closely by  the  rates  of  rod  dark  adaptation  in  living  frogs  and  alligators, 
measured electrophysiologically  at the same temperature. Alligator rods dark- 
adapt,  and alligator rhodopsin is synthesized in solution, at rates  character- 
istically associated with cones and cone pigments in frogs, mammals, and birds. 
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